We have measured the temperature T dependence of the proton Zeeman relaxation rate R in polycrystalline 1,3-di-t-butylbenzene (1, adopt two two-correlation-time models using Bloembergen-Purcell-Pound spectral densities; one based on the dynamical inequivalence of the methyl groups in each t-butyl group and one based on the dynamical inequivalence of different t-butyl groups, either because of intramolecular effects or because of intermolecular (crystal-structure) effects. In the low-temperature phase of 1,3-DTB, R (e, P is unusual in that it is Larmor-frequency dependent in the short-correlation-time limit (i.e. , temperatures above the relaxation rate maximum). We have fit the data with a Havriliak-Negami spectral density (which reduces to a Davidson-Cole spectral density when one of the parameters becomes unity which, in turn, reduces to a Bloembergen-Purcell-Pound spectral density when an additional parameter becomes unity). The fit, with an effective activation energy of 10+3 kJ/mol, suggests that this low-temperature phase in 1,3-DTB is a glassy state. We relate the Havriliak-Negami spectral density to the Dissado-Hill spectral density which has a fundamental microscopic basis and which has been used to interpret a vast quantity of dielectric relaxation data as well as some mechanical relaxation data.
53.0 MHz. The relaxation is caused by the modulation of the methyl proton dipole-dipole interactions by the reorientation of the t-butyl groups [C(CH, ),] and their three constituent methyl groups (CH3). There are two solid phases which either have a large hysteresis of at least 90 K, or are both stable below 200 K. The sample melts at 262 K. We interpret the high-temperature phase Rversus-T data with three models. First, we adopt a one-correlation-time model using a Davidson-Cole spectral density which suggests that there is a distribution of correlation times, or, equivalently, a distribution of activation energies for t-butyl and methyl group reorientation. In this case, the methyl and t-butyl reorientation is characterized by a cutoff activation energy of 17+1 kJ/mol which is to be compared with 18+1 kJ/mol in 1, 4-DTB [P. A. Beckmann, F. A. Fusco, and A. E. O' Neill, J. Magn. Reson. 59, 63 (1984) ] in which there is only the one phase. Second, we adopt two two-correlation-time models using Bloembergen-Purcell-Pound spectral densities; one based on the dynamical inequivalence of the methyl groups in each t-butyl group and one based on the dynamical inequivalence of different t-butyl groups, either because of intramolecular effects or because of intermolecular (crystal-structure) effects. In the low-temperature phase of 1,3-DTB, R (e, P is unusual in that it is Larmor-frequency dependent in the short-correlation-time limit (i.e. , temperatures above the relaxation rate maximum). We have fit the data with a Havriliak-Negami spectral density (which reduces to a Davidson-Cole spectral density when one of the parameters becomes unity which, in turn, reduces to a Bloembergen-Purcell-Pound spectral density when an additional parameter becomes unity). The fit, with an effective activation energy of 10+3 kJ/mol, suggests that this low-temperature phase in 1,3-DTB is a glassy state. We relate the Havriliak-Negami spectral density to the Dissado-Hill spectral density which has a fundamental microscopic basis and which has been used to interpret a vast quantity of dielectric relaxation data as well as some mechanical relaxation data.
I. INTRODUCTION Nuclear-spin relaxation (NSR) is a powerful experimental technique for investigating molecular motion in condensed phases. ' The observed Zeeman nuclearspin-lattice relaxation rate R is a measure of the rate at which an excited nuclear-spin system returns to equilibrium. When a nuclear spin moves due to whole molecule or intramolecular motion, it creates a time-dependent dipolar magnetic field at the sites of neighboring nuclear spins. A perturbed spin system will relax to its equilibrium The results of NSR experiments are rarely, by themselves, definitive. In addition to detecting changes in state, the technique is very good for determining which motions are occurring in simple systems. The technique is also very good for determining the statistics and the effective parameters that characterize the motion. However, the NSR results must often be coupled with other techniques, such as calorimetry, ' ' x-ray diffraction, ' ' and In this paper we present a proton Zeeman NSR study in an organic molecular solid: the 1,3 isomer of di-tbutylbenzene (DTB) which is shown schematically in Fig.  1(b) . The motion, depicted schematically in Fig. 2 
II. THE NUCLEAR-SPIN RELAXATION EXPERIMENTS
The sample of 1,3-di-t-butylbenzene (1,3-DTB) was purchased from Aldrich Chemical. The quoted purity was 97% and the melting point was 262 K. For the NSR experiments, the room-temperature liquid sample was put in a 7-rnm inside diameter sample tube, deoxygenated by bubbling dry nitrogen gas through it, frozen in liquid nitrogen, and placed in the probe.
The spin-lattice relaxation rates R (the inverses of the spin-lattice relaxation times T, ) were measured using a standard~-t-m/2-t"pulse sequence ' with the repetition period t~& 8. 5T, . Three fixed-frequency Spin-Lock CPS-2 spectrometers, operating at 8.50, 22.5, and The observed relaxation rates R are presented in Fig. 3 , which shows both the high-and low-temperature phases. 
B. Systems with t-butyl groups
The dipole-dipole interaction energy for two spins is proportional to r (where r is the spin separation) so the factor A in Eq. (l) is proportional to r . For Zeeman relaxation in molecular solids where the only motion is methyl reorientation, one need only consider couplings between protons in methyl groups and between methyl protons and other protons. Other proton-proton vectors are not being modulated by the motion. For a methyl group, the three protons are r =0.18 nm apart which, on average, is much smaller than the distances between a methyl proton and other protons. Thus, in systems where methyl groups are relatively isolated, considering only the intramethyl contribution to the total relaxation rate is often an excellent approximation.
The relaxation for this fixed triangle or protons and closely related systems has been discussed very thoroughly for many years but the form of the spectral density j(co,x, ,x2, X3, . . . ) for all but a few simple systems remains an unsolved problem.
In general, for three or more coupled spin--, ' particles, a perturbed nuclear magnetization will not relax exponentially, but rather via a sum of exponentials. ' For a methyl group, there is the added complication that the motions of the three proton-proton vectors are completely correlated and this gives rise to cross correlations (which also result in nonexponential relaxation) as well as autocorrelations. ' Indeed, nonexponential relaxation is sometimes observed in systems where only methyl reorientation is occurring.
For a t-butyl group, the methyl reorientation is superimposed on t-butyl reorientation as shown in Fig. 2 . This often simplifies the description of the dynamics because the superimposed reorientations make the motion of each proton-proton vector less restricted (i.e. , they are not reorienting in only a single plane) and this tends to destroy the effects of cross correlations.
Thus nonexponential relaxation due to cross-correlation effects is usually not observed in systems where t-butyl groups are reorientating' ' ' ' ' and theoretical expressions for the single relaxation rate can be obtained in straightforward ways since only autocorrelation functions need be considered. This allows for more stringent testing of the assumptions concerning which dipole-dipole interactions need to be taken into account. This also allows for more stringent testing of models for the form of the spectral density.
The relaxation rate in molecular solids where superimposed methyl and t-butyl group reorientation is occurring has been discussed' and we review it here. The total observed relaxation rate is (5) where R "'" is the relaxation rate due to the dipole-dipole interactions between the three protons in the jth methyl group which, in turn, is in the ith t-butyl group. The index j runs over the three methyl groups in the ith t-butyl group. R ""' takes into account the intermethyl, intra-tbutyl interactions for the ith t-butyl group. There are I (=2 for DTB) t-butyl groups in the molecule. The dipole-dipole interactions between the nine protons in a t-butyl group and other protons is not considered. Not only is r usually very small for these terms but the modulation of the orientation of r with respect to the field is considerably less than for intra-t-butyl r vectors, all of which reorient through 360' in at least one plane. In Eq. (5) Eq. (9). In this case, the first and third terms of Eq. (7) can be added, 9 + 3Q 4 and one obtains the standard expression for the relaxation due to a reorienting methyl group 29 39
Because the distances between the protons on different methyl groups in the same t-butyl group change as the methyl groups reorient, a closed form expression for R '"'" is cumbersome. An approximate expression can be obtained by condensing the three protons of each methyl group to the center of the methyl triangle and considering the interaction between these three systems. This is an excellent approximation for~;-&&~; which will be the case for the mode1 discussed in Sec. III C 2. However The two slopes [Eqs. (38) and (40)] are independent of co, whereas the two intercepts [Eqs. (39) and (41) 2)=]n(12A, r, "'co '). Thus R~co ' at low temperatures (cor, » 1).
The Larmor-frequency dependence of R places a considerable constraint on the form of the spectral density and can be used to determine whether or not the observa- 4-7 is independent of~. If we begin with a one-~model and assume that the relaxation is given by Eq. (16},then 5=1. On the other hand, A and C are different so the BPP spectral density will not work but it is instructive to show this in order to point out that the observed value of A/C -0.9 is significantly less than unity. In Fig. 4 we show two sets of fits using Eqs. (16}, (24) , and (34). In each case there are three parameters; A"E"and~, "
and the two sets of fits correspond to forcing A =E,/k (fit to the high-temperature slope) and then C =E,/k (fit to the low-temperature slope). In both cases, the region of the maximum in R was also fitted.
In Table I , the parameters A, and~, are given in terms of the ratios A, /A, and r, "/r, "where A, is the theoretical value given by Eq. (14) and r, " is given by Eq. (35) with E=E,. We have used the moment of inertia of the methyl group. Since r o: I ', r, "( t butyl)/r, "(methyl) -6.8, which means the ratios , "/7, in Table I should be divided by 6.8 if~, for a Table I ) is given by the theoretical value to better than 1%. Were the experiments done at only one frequency, one could invoke a phase transition (i.e. , to a new value of E, ) in the vicinity of the maximum but the co dependence of R completely rules out this interpretation. The next step from the three-parameter fits above is a four-parameter fit that corresponds to the same one-v. model but using a DC spectral density instead of a BPP spectral density. Thus, the relaxation rate is given by Eqs. (16), (32), and (34) and the quite successful fit is shown in Fig. 5 . The fit for 1,4-DTB, which is all the high-temperature phase, looks very similar to Fig. 5 and is presented elsewhere. ' The values of E"e,~,",and A, are obtained from the observed A, %, C, and 2) and are given in Table I . [see Eqs. (18) - (21)] and the fitting parameters are a, E", E"~b",and~, ".This is a five-parameter fit and the best example is shown in Fig. 6 ' ' and the situation has been discussed for the 2,4 and 2,5 isomers of di-t-butylhydroxybenzene. In the present case, however, 7-b and v. , are sufficiently close as to make~b , look like a distinct correlation time in the range~, &~b, &~b.
Thus the components of the relaxation rate-R, and Rb, are distinct. We show Rb+bb, R"and Rb" the three contributions to the relaxation rate R in Fig. 6 .
The final model we investigate is the two-site model. The t-butyl groups are A type but there are two distinct sets of them so this is a two-v. model. We use a BPP spectral density and the relaxation rate is given by Eqs. (22), (24), and (34) with the six fitting parameters A, ", E, ", and~, '"' for i =1 and 2. The fit in Fig. 7 The fitted values are A, "'/A, "'= 1.0+0. 1, A, ' '/A ', '=1.4+0. 1, E, "'=27 kJ/mol, E, ' '=19 kJ/mol, w, ""' /r, ""=0. 0086, and r, ' "'/i ', "' = 2.0. The two contributions to the total relaxation rate are shown at 8.5 and 53 MHz in Fig. 7 Many interesting and useful conclusions concerning the dynamics in molecular solids can be made with very simple qualitative analyses of nuclear-spin relaxation data so long as both temperature and Larmor frequency are varied and both long-and short-correlation-time regions are observed. Although important boundary conditions can be placed on detailed models for the motion, nuclear-spin relaxation rate experiments must be coupled with other spectroscopies before definitive models can be formulated.
